Questions: Has plant species richness in semi-natural grasslands changed over recent decades? Do the temporal trends of habitat specialists differ from those of habitat generalists? Has there been a homogenization of the grassland vegetation?
| INTRODUC TI ON
Semi-natural grasslands, defined as unploughed mown or grazed areas with moderate fertilization, are among the most diverse vegetation types in Western and Central Europe, including habitats such as dry grasslands on both calcareous and acidic bedrocks, wet grasslands, nutrient-poor or moderately nutrient-rich meadows or pastures on mesic soils in lowland and mountainous regions, as well as alpine grasslands. Some of these types are extremely speciesrich (Dengler, Janišová, Török, & Wellstein, 2014) , on a local scale holding the world records in vascular plant species richness (Chytrý et al., 2015; Wilson, Peet, Dengler, & Pärtel, 2012) . The high species richness of some semi-natural grassland types, their threat and high conservation value are reflected in the EU Habitats directive that recognizes several grassland types as NATURA 2000 habitats, including dry calcareous grasslands (code 6210), acidic Nardus grasslands (code 6230*), Molinia meadows (code 6410) and Arrhenatherion meadows (code 6510).
Over many centuries semi-natural grasslands occupied considerable areas in Western and Central Europe, as they were important for farmers in providing fodder for their animals (Dengler et al., 2014; Török & Dengler, 2018) . While some grassland types were mainly managed by mowing (wet grasslands), others were predominantly used as pastures (e.g., dry grasslands; Leuschner & Ellenberg, 2017) . All semi-natural grasslands are sensitive to changes in management, and as early as in the 19th century the range of semi-natural grasslands started to decline as a result of altered land use practices, notably the decline of sheep grazing. The most drastic change started in the middle of the 20th century with the introduction of agro-industrial farming triggered by the use of artificial fertilizers (Leuschner & Ellenberg, 2017) . Most grasslands were either transformed into cropland or forest (Eriksson, Cousins, & Bruun, 2002) , or subjected to more intense land use practices, including increased addition of nutrients, earlier and more frequent mowing or higher stocking densities, drainage (in wet areas), and the use of pesticides and sowing mixtures (Dierschke & Briemle, 2002) .
Even where the traditional low-intensity farming was maintained or re-installed through conservation actions, grasslands suffered from eutrophication due to atmospheric nitrogen deposition (Payne et al., 2017) and from habitat fragmentation (Cousins, Ohlson, & Eriksson, 2007; Krause, Culmsee, Wesche, Bergmeier, & Leuschner, 2011; Krause, Culmsee, Wesche, & Leuschner, 2015) . A consequence of these changes has been that many species typical for semi-natural grasslands have become rare and threatened as evidenced by national and regional Red Lists (for Germany, see Ludwig & Schnittler, 1996) .
funded by the State of Lower Saxony, Germany.
Co-ordinating Editor: Sándor Bartha between the surveys, including 13 data sets from wet grasslands, six from dry grasslands and four from other grassland types. Edaphic conditions were assessed using mean Ellenberg indicator values for soil moisture, nitrogen and pH. Changes in species richness and environmental variables were evaluated using response ratios.
Results:
In most wet grasslands, total species richness declined over time, while habitat specialists almost completely vanished. The number of species losses increased with increasing time between the surveys and were associated with a strong decrease in soil moisture and higher soil nutrient contents. Wet grasslands in nature reserves showed no such changes or even opposite trends. In dry grasslands and other grassland types, total species richness did not consistently change, but the number or proportions of habitat specialists declined. There were also considerable changes in species composition, especially in wet grasslands that often have been converted into intensively managed, highly productive meadows or pastures. We did not find a general homogenization of the vegetation in any of the grassland types.
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The decline in area and species richness of semi-natural grasslands has since long attracted the attention of ecologists, especially with regard to dry calcareous grasslands where, applying experimental approaches, nitrogen deposition was early recognized as a potential driving factor for an altered species composition (Bobbink & Willems, 1987) . For some grassland types, general time series analyses have provided evidence for the profound changes in species composition, for example in acidic grasslands (Duprè et al., 2010) and in wet grasslands (Wesche, Krause, Culmsee, & Leuschner, 2012) . Apart from a loss in total species richness there was a noticeable decline of habitat specialists and a shift in life form composition, for example an increase in grasses at the expense of small-statured forbs. For acidic Nardus grasslands these trends were confirmed in spatial comparisons (space-for-time substitutions) within the UK (Stevens, Dise, Mountford, & Gowing, 2004) and across different countries in Europe . A time series analysis of dry grasslands across Germany revealed less clear and consistent changes of the vegetation (Diekmann et al., 2014) .
The most reliable information on vegetation changes is usually provided by re-survey studies based on permanent or semipermanent plots characterized by a high precision of site relocation, in contrast to the previously mentioned time series analyses (Verheyen et al., 2017) . Unlike in forests where dozens of (semi-)permanent plot studies have been published and summarized in meta-analyses (Verheyen et al., 2012) , available data for semi-natural grasslands are surprisingly rare. One reason for this certainly is the difficulty to install permanent markings or to provide drawings of the exact location of plots in grasslands. The few re-survey studies from dry grasslands that were published in international journals (Bennie, Hill, Baxter, & Huntley, 2006; Newton et al., 2012; van den Berg et al., 2011) give contrasting results as to the trends in species richness and compositional change, while such studies from other semi-natural grassland types are to our knowledge largely unknown to an international audience. This paper aims to compile the existing re-survey data sets from semi-natural grasslands in Western and Central Europe and to subject them to a rigorous meta-analysis. We focused on the following research questions: (a) Has the general species richness in seminatural grasslands changed over recent decades? Considering the available evidence from existing spatial and temporal comparisons, we expected a general decline in species numbers especially in those grassland types where management interventions such as drainage or fertilization are likely to result in a considerable increase in productivity (often associated with species loss), such as in wet or mesic grasslands. In contrast, grasslands with low productivity owing to aridity (dry grasslands) or low temperatures (mountain grasslands) were predicted to show less pronounced changes. (b) Are habitat specialists in the different grassland types more strongly affected than generalists, i.e. has the number of habitat specialists declined more than total species richness? We expected this to be true for all grassland types, but less so for the low-productivity grasslands. (c)
Irrespective of the changes in species richness, has there been a general change in species composition of the grasslands, and has there been a trend towards a homogenization of the vegetation? Under the assumption of an increase in the share of generalist species, and based on the evidence from previous studies from forests (Heinrichs & Schmidt, 2017; Kopecký, Hédl, & Szabó, 2013; Reinecke, Klemm, & Heinken, 2014) and other types of semi-natural vegetation (Timmermann, Damgaard, Strandberg, & Svenning, 2015) , we predicted that the grasslands will have become more similar in species composition.
| ME THODS
| Literature search
To find articles with data from re-survey studies in grasslands we searched the ISI Web of Knowledge without restriction on publication year, using the following combinations of search terms:
(resurvey OR re-survey OR revisitation OR permanent plot* OR semi-permanent plot*) AND (vegetation) AND (grassland*). The papers retrieved and considered relevant were downloaded and their reference lists screened for other articles. In many cases, the publications did not include or provide a link to the original data so that the authors of the papers were contacted and asked to contribute to the study. In addition, some databases were extracted from papers not published in peer-reviewed international journals, and another set of (yet unpublished) vegetation data was obtained from colleagues working with re-surveys. Although several countries in Western and Central Europe (e.g., the Netherlands) have compiled vegetation databases with a large number of plots, re-survey plot data from grasslands are still rare and could be obtained for this study only from the UK and Germany. To be included in the metaanalysis several criteria had to be met.
(a) The study area should largely be confined to the Atlantic biogeographic zone of Western and Central Europe. (b) Data sets were only considered if the communities represented semi-natural grasslands during the original survey and were at least until recently managed as grasslands at the time of the re-survey. Data sets with plots or single plots transformed to agricultural fields or forests, or having been abandoned for many years before the re-survey, were omitted. Our meta-analysis thus documents the minimum vegetation change on a local scale, while it does not reflect any change in the area of different grassland types across landscapes. The following types of semi-natural grasslands were examined: (i) grasslands on mesic or wet, relatively fertile soils belonging to the class Molinio-Arrhenatheretea, namely the alliances Arrhenatherion elatioris (lowland to submontane mesic meadows) and Phyteumato-Trisetion (montane mesic meadows, both Arrhenatheretalia elatioris), and alliances in the order Molinietalia caeruleae (henceforth called wet grasslands); (ii) mat-grass swards on acidic, nutrient-poor soils assigned to the Nardetalia strictae; (iii) dry grasslands on base-rich and nutrientpoor, mostly shallow soils belonging to the Festuco-Brometea (for the classification of grassland communities, see Mucina et al., 2016). (c) For the meta-analysis the only re-survey studies that were retained were based on permanent or semi-permanent (quasi-permanent Perring (1956, 1958, 1959, 1960) sensu Kapfer et al., 2017) number of plots in a data set and the minimum number of years between the original survey and re-survey were both set to 15. This somewhat arbitrary number was considered a good compromise between the wish to include as many studies as possible and the analytical limitations of data sets with only few plots and a time span too short to observe a pronounced shift in species richness and composition. Verheyen et al. (2017) showed that data sets from various regions across a large geographic gradient including a sufficient number of replicates (plots) are suitable for disentangling the effects of different environmental drivers on changes in the vegetation.
For comparative purposes, we also re-analyzed six data sets of wet grasslands in Germany including non-traceable plots with old and new records mostly not sampled in the same sites, but in the same regions (Wesche et al., 2012) .
| Data preparation
The literature search and subsequent application of criteria finally yielded 23 data sets, most of which referred to wet grasslands (from Germany) and dry grasslands (from the UK and Germany, see Table 1 ). Only a few studies from Germany included other grassland types.
Prior to performing the meta-analysis, the vegetation tables of the original and re-survey were transformed and standardized in several ways. With one exception the data sets included original plots that were associated with just one corresponding re-surveyed plot. In the re-inventory of dry grasslands by Hagen (1996) , however, several (2-5) re-survey plots of the same size as the original plots were sampled close to the approximate location of the original plots. Here, only one of the re-surveyed plots was selected at random for each original plot. The majority of data sets did not or only incompletely contain information on species occurrences of bryophyte and lichen species so that all data entries of non-vascular plants were omitted. The next step was to harmonize species lists between and within data sets by applying the taxonomy pub- Table II ; Nardetalia
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The studies are divided into different grassland types and, within grassland type, ordered according to the number of years between original and re-survey. When information on plot sizes was provided in the original survey, the re-surveys mostly used the same plot sizes. For some of the oldest surveys the plot sizes were not known: in these cases, standard plot sizes of 20 or 25 m 2 -often being recommended as minimum area for grassland plots -were used in the re-survey. An additional source of potential bias is the subjective placement of the plots in old surveys conducted according to the Braun-Blanquet approach, often selecting larger plot sizes in species-poor vegetation and smaller sizes in species-rich vegetation. For the two data sets from wet grasslands with the longest time interval between original and re-survey, however, it was shown that the differences in species richness over time are unlikely to be attributed to possible differences in plot size between the surveys (Immoor, Zacharias, Müller, & Diekmann, 2017; Wittig, Waldmann, & Diekmann, 2007) .
| Data analysis
Except in a few cases, no measurements of environmental variables were available for the original data sets, and only in one study soil factors were measured in both the original and the re-survey.
Therefore, the environmental conditions in the plots at both sampling periods were assessed by means of Ellenberg indicator values for soil moisture (F), soil nitrogen (N; often interpreted as general nutrient availability) and soil pH (R) (Ellenberg et al., 2001) . Although potential changes of the vegetation due to climate change were not in the focus of this study and were assumed to be less pronounced compared to the effects of the edaphic variables, we also applied the indicator values for light (L), continentality (C) and temperature (T).
For each plot, mean indicator values of all species in the plot were calculated for all variables (abbreviated with mF, mN, mR, mL, mC and mT). The differences in mean values between original and resurveyed plots were assumed to indicate changes in environmental conditions at the sites.
Several species richness variables were used to examine shifts in the vegetation between original and re-survey. First, the total number of vascular plant species per plot was calculated. As total species richness may not change even when there is a considerable species turnover (when gains and losses compensate each other), we also calculated the number of habitat specialists for the different grassland communities, i.e. the typical species of wet and dry grasslands, Nardus swards etc. Information on habitat specificity was obtained from Burkart, Dierschke, Hölzel, Nowak, and Fartmann (2004) , Diekmann et al. (2014) , Dierschke (1997) , and Peppler-Lisbach and Könitz (2017) . These publications also provided information about species that serve as indicators for the abandonment (cessation of grazing and/or mowing) of grasslands, such as Lysimachia vulgaris and
Phalaris arundinacea in wet grasslands, and Agrimonia eupatoria and
Trifolium medium in dry grasslands. As abandonment, or in general a less intensive management, may lead to a decline in species richness similar to that caused by eutrophication, the difference between the sums of 'abandonment indicators' in the original and re-surveyed plots was used as a control for the continued management of the sites. Finally, we calculated the number and proportion of grass (Poaceae) species in each plot to examine altered (relative) frequencies of grasses vs herbs. The change over time in the species composition of the grasslands was examined by means of Jaccard and Sørensen dissimilarity coefficients, using the R package Vegan 2.4-1 (Oksanen et al., 2016) and Betapart (Baselga & Orme, 2012) . The latter package also served to partition dissimilarity into two components: on the one hand species replacement, constituting the temporal substitution in a site of species by other species (i.e., turnover), and on the other hand species loss (or gain), being the elimination (or addition) of species in a site and leading to nestedness (without replacement). First, we calculated, separately for the original and re-surveyed plots of each data set, the mean dissimilarity coefficients across all plots to examine whether the general species composition had become more or less homogeneous. Second, to examine whether the temporal change in species composition depends on the time between surveys or on the change in environmental conditions, we averaged the dissimilarity coefficients between all pairs of old and corresponding new plots in a study (i.e., n = number of plots) and correlated the means to the time between surveys and the response ratios of mean
Ellenberg indicator values. As the Jaccard and Sørensen coefficients were highly positively correlated (for both wet and dry grasslands: r = 0.997, p < 0.0001, n = 13 and 6, respectively), we report only on the first-mentioned index.
The Jaccard dissimilarities between the pairs of original and resurveyed plots were correlated to the years between surveys, mean sets, especially the mean indicator values may inherit some information about compositional similarity, thus resulting in a potential bias (Zelený & Schaffers, 2012) . Correlation coefficients and significance probabilities of these analyses thus need to be interpreted with some caution.
| RE SULTS
| Wet grasslands
Altogether, 13 re-survey studies of wet grasslands fulfilled the criteria for inclusion in the meta-analysis. Most of these studies refer to locations in the lowlands of northern Germany: only four data sets were from the hilly regions in the central part of the country. Five sites were located in nature reserves. Mean total species richness in the data sets varied between 15 and 36 in the original plots and between 12 and 24 in the re-surveyed plots. In nine of the studies, mean total species richness had significantly declined, in three studies there had been an increase (Figure 1 ). For the wet grassland specialists, species losses were more pronounced than for total species richness: whereas the mean number of species in this group varied between 3 and 11 in the original surveys, the corresponding values ranged from 0 to 6 in the re-surveys. The response ratios re- (Table 2) . It was also significantly related to the response ratios for the changes in mean Ellenberg values, marginally negatively for mF and positively for mR and mN. This means that species similarity between old and new plots stayed relatively high in those data sets where soil moisture had increased or at least not strongly decreased, whereas it was low where the values for soil pH and nutrients had increased. Finally, data sets with a strong loss of species in general and of habitat specialists in particular also showed the highest mean Jaccard dissimilarities, as 
RR mean Ellenberg N values
TA B L E 2 Relationship between mean
Jaccard dissimilarity (total and separately for the replacement and nestedness components) between all pairs of original and re-surveyed plots in a study and the time between surveys, response ratios of mean Ellenberg indicator values, and response ratios of species richness of the corresponding study, calculated for the 13 studies of wet grasslands
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suggested by the high negative correlation between the response ratios for species richness and dissimilarity coefficients (Table 2) .
Total dissimilarity was mainly attributable to true species replacement (72%-89%, mean across studies 84%), not to the nestedness component (11%-29%, mean 16%). The reported correlations of Jaccard dissimilarity with changes in species richness and environmental drivers were also driven by species replacement, while there was no significant relationship between the nestedness component and time or changes in species richness and mean Ellenberg values (Table 2) .
| Dry grasslands
Six data sets of dry grasslands were retrieved, three from Germany and three from the UK (Table 1) . Mean species richness was high compared to other grassland types, across studies ranging from 25 to 40 in the old plots and from 22 to 44 in the new plots. In two out of the six data sets, total species richness significantly increased over time, whereas in two studies it decreased (Figure 3a ). There was no relationship between the response ratio and the number of years between surveys. The same was true for the number of dry grassland specialists, but here a significant decrease over time was found in three data sets, while an increase was observed only once.
Remarkably, the proportion of dry grassland specialists relative to the total number of species showed a clear decrease over time (r = −0.980, p < 0.001, n = 6). Most dry grassland specialists showed a tendency to decline, but the variation among the species was high, alongside species with a strong decrease in frequency (Euphrasia stricta, Pulsatilla vulgaris) there were also taxa that increased over time, most notably the grasses Bromus erectus and Brachypodium pinnatum (Appendix S6).
While the mean response ratios for mR were all close to 0 (results not shown), the three data sets with the longest time periods 
Mean Ellenberg values
Years between surveys
| Other types of semi-natural grasslands
Few data sets were available for other types of semi-natural grasslands. In two studies of Nardetalia communities in Germany there was no significant decline in total species richness, but a loss of habitat specialists (Figure 4a ). Significantly positive response ratios for mean Ellenberg values (mR, mN) indicated an increase in soil pH and nutrient availability (Figure 4b ). One study of Trisetion meadows and one study of Arrhenatherion meadows both showed similar results: a significant decrease in total species richness and in the number of habitat specialists as well as an increase in nutrient availability and no change in soil acidity (Figures 4a, b) . Within-data set mean Jaccard dissimilarity varied between 0.6 and 0.8 both in old and new plots (Appendix S5), and there was again no trend towards a systematic change in homogeneity. The pair-wise mean Jaccard dissimilarities of original and re-surveyed plots also were in the range of those for wet and dry grasslands, with a much higher proportion of the replacement than nestedness components.
| D ISCUSS I ON
In accordance with hypotheses 1 and 2, most wet grasslands showed a drastic decline in overall species richness and in the number of habitat specialists. For the dry grasslands, the temporal trends in total species richness were not uniform across studies, but there was an overall decline in the proportion of specialist species, which became more pronounced over time. The maintenance of an appropriate (traditional) land use is of crucial importance for the conservation of semi-natural grasslands.
Grassland types in which productivity can be considerably improved through fertilization, drainage and increased mowing or grazing intensities are at particular risk. This is the case in wet grasslands that, while not being widespread in Western Europe, once covered large areas of Central Europe, which since the middle of the last century have largely been drained and either turned into cropland or transformed to highly productive meadows or pastures (Rosenthal et al., 1998) . In the lowlands of northern Germany, wet grasslands lost about 88% of their area between the 1950s and 2008 (Krause et al., 2011; Wesche, Krause, Culmsee, & Leuschner, 2009 ). The altered frequencies of single species (Appendix S1) show that the wet grassland specialists have almost completely vanished. In the two studies spanning the longest time intervals between original and re-surveys, vascular plant species richness dropped by more than 60% (Wittig et al., 2007; Immoor et al., 2017) . As indicated by the altered mean Ellenberg values, the underlying likely causes are a decrease in soil moisture due to drainage and an increase in soil nutrients, accompanied by higher mowing frequency, favouring species of drier soils with a high mowing and/or grazing tolerance, high competitive ability and high fodder value such as many grasses, namely Alopecurus pratensis
Mean response ratios (RR) and 95% confidence intervals (CI) of four studies of semi-natural grasslands (two data sets with Nardetalia plots, and one each with Trisetion and Arrhenatherion grasslands), given (a) for the difference in species richness (total and the number of habitat specialists) between re-surveyed and original plots, and (b) for the temporal change in mean Ellenberg indicator values (for soil reaction (mR) and nitrogen (mN)). CI not overlapping with the dashed line at RR = 0 indicate significant changes (at p < 0.05) and Lolium perenne (Immoor et al., 2017; Wesche et al., 2012) . A rare case study from the Holtumer Moor area (NW Germany) with original plots from 1963 and re-surveys both in 1988 and 2006 showed that the strongest changes had already taken place until the mid1980s, but also that land use intensification and subsequent vegetation changes have continued since then (Wittig et al., 2007) . In western Central Europe, intact wet grasslands are currently largely confined to nature reserves where conservation management is conducted (Table 1 , study numbers 8, 10-13; Appendix S2a, study number 6). In our study, the maintenance of a constantly high water level or even re-wetting in some cases even resulted in an increase in total species richness and in the number of specialists, as shown in a large-scale and long-term restoration project at Lake Dümmer in NW Germany (Blüml, 2011; Blüml, Belting, Diekmann, & Zacharias, 2012) .
The decrease in species richness at the local scale (α-diversity)
was not only caused by a loss of the many rare species in an otherwise unchanged matrix of common taxa, but was accompanied by a pronounced shift in species composition as evidenced by (a) while it reached only 66% and 69% in the monitoring programme. In general, more reference data are needed to distinguish systematic, environment-driven changes in species composition from random changes or spurious effects related to methodological problems.
Unexpectedly, there was no homogenization of the wet grasslands, rather the contrary. Unlike in forests, for which most studies indicate a homogenization in species composition, within-data set similarities in grasslands appear to change in an idiosyncratic way:
biotic homogenization was shown for example for Pampa grasslands (Puhl, Perelman, Batista, Burkart, & León, 2014) , whereas no trends or even a "heterogenization" was observed in a wide range of grasslands in Scotland (Mitchell et al., 2017) . Urban Grasslands (homogenization) responded differently from rural grasslands (no change in similarity) in southern Australia (Zeeman, McDonnell, Kendal, & Morgan, 2017) . A possible explanation for the decrease in the overall homogeneity of species composition is that the wet grasslands in former times were managed in a relatively uniform way, with mowing twice a year and the constant application of moderate amounts of fertilizer, while there is currently a stronger divergence into on the one hand intensively managed grasslands (with high fertilizer doses and repeated mowing and/or grazing) and on the other hand extensively managed sites often being part of agri-environmental schemes, or abandoned grasslands.
Compared to wet grasslands, dry grasslands offer very different environmental conditions: in Western and Central Europe usually being confined to south-exposed slopes with shallow soils under rather warm and dry climates, they are water-limited and partly also nutrient-limited. Many sites cannot or only to a small extent be improved by fertilization, because plants simply lack water to take advantage of the added nutrients (Leuschner & Ellenberg, 2017) . Dry grasslands on very shallow and dry soils have therefore rarely been transformed to crop fields, but either been abandoned or, for conservation purposes, been protected and continuously managed in a traditional way, many since several decades. The vegetation changes are therefore expected to be clearly less pronounced than in wet grasslands, and time series data for Germany (Diekmann et al., 2014;  see also Schuch, Bock, Leuschner, Schaefer, & Wesche, 2011 ) and a spatial analysis from the UK (Maskell, Smart, Bullock, Thompson, & Stevens, 2010) have indeed found few differences in total species richness across time or regions. Only in two of the six studies had species richness significantly declined; in both cases the authors suggested nitrogen deposition to be the main underlying force (Bennie et al., 2006; Hagen, 1996 ; see discussion below). However, decreased intensities of mowing and grazing -indicated in four of the six studies -can also lead to an increase in woody species and abandonment indicators, and in the long run to a higher share of more mesotrophic species, similar to the effects of eutrophication.
Although there was no significant correlation between the changes in species richness and changes in the numbers of species of the above-mentioned groups, the decline in the number of dry grassland specialists observed in three studies and the overall declining proportion of specialists with time suggest that dry grassland vegetation also changes, albeit more slowly. On the other hand, total species richness increased in two studies as did the number of dry grassland species in one study, trends for which we see three possible explanations: (a) these may be caused by a better or re-installed proper management in intermittently less well managed grasslands;
(b) the grasslands may have recovered from over-exploitation, especially high grazing intensity limiting species richness even with respect to some specialist species; and (c) as there is a hump-shaped relationship in dry grasslands between species richness and nutrient availability (Diekmann et al., 2014) , sites on highly infertile soils receiving nutrients from fertilization or nitrogen deposition may change in their environmental conditions to support a higher total number of species. This is likely the case in the study of Newton et al. (2012) , where total species richness and the proportion of mesotrophic species increased at the expense of stress-tolerant specialist species. An increase in dry grassland specialists was only observed in the Kyffhäuser region in the most continental parts of Germany with rather hot and dry summers and with gypsum soils
characterized by low water capacity (Hahn, Andres, & Becker, 2013) .
Even in this region, however, there was a decline in small annual, light-demanding species such as Draba verna, Euphrasia stricta and Veronica praecox, in line with the results of the spatial analysis by Diekmann et al. (2014) . Generally, dry grasslands with different environmental conditions appear to respond differently to altered management and/or nutrient addition as shown by Bennie et al. (2006) for the UK, where sites on steeper and more south-exposed slopes were more resistant to vegetation change. Similar results were obtained for semi-natural grasslands on base-rich soils in SW Finland (Pykälä, Luoto, Heikkinen, & Kontula, 2005) . Dry grasslands on relatively mesic sites, however, were over the past decades often converted to croplands, as shown for semi-natural grasslands in Dorset in southern England (Hooftman & Bullock, 2012) , and thus were excluded from this study focusing on the vegetation changes in extant grasslands.
A factor difficult to quantify is the widespread change in management type from grazing to mowing observed in many parts of Central Europe (Leuschner & Ellenberg, 2017) , which may be asso- From our data, however, the causes for the dynamics of single species are difficult to disentangle. The dry grasslands -like the wet grasslands -showed no general trend towards a homogenization in species composition.
For the other types of semi-natural grasslands, data shortage does not allow us to draw far-going conclusions. Arrhenatherion meadows in lowland areas on mesic soils are likely to have declined equally much as wet grasslands, as their sites are suitable for intensive agriculture (Rosenthal et al., 1998) . In northern Germany the loss of this grassland type has been even more pronounced than in wet grasslands (Leuschner & Ellenberg, 2017; Wesche et al., 2009) .
A different situation emerges for (sub-)mountainous Trisetion and Nardetalia communities in which productivity is partly temperaturelimited, making them less attractive for high-intensity agriculture. If not abandoned or transformed to forest, these grasslands are nowadays often protected and managed by conservation authorities or organizations. In the two studies of Nardetalia grasslands there was no change in total species richness (Figure 4 ), but a loss of specialist species. The study by Peppler-Lisbach and Könitz (2017) represents the only data set of our study for which also old measurements were available, and the authors conclude that the observed changes in the vegetation are likely to be caused by the combined effects of eutrophication (N deposition), recovery from acidification due to the decreasing deposition of sulphurous acid, and decreasing management intensity.
The importance of nitrogen (N) deposition for changes in grassland vegetation has been shown in several studies (for example, Stevens et al., 2004) . However, in grassland types that can be improved to highly productive meadows or pastures, the effect of N deposition is masked by the addition of high amounts of fertilizers, namely in wet grasslands and possibly Arrhenatherion grasslands. In contrast, N deposition is the main source of additional N in naturally infertile, unimproved dry and acidic grasslands, and these two grassland types respond much differently to atmospheric pollution. As already discussed, many dry grasslands are drought-limited, which is why the added N does not or only weakly translates into a higher productivity and altered competitive relationships. Maskell et al.
(2010) did not find any correlation between plant species richness and N deposition in UK dry grasslands. Moreover, the grasslands are also co-limited by phosphorus, especially on steeper slopes (Bennie et al., 2006; Diekmann, Michaelis, & Pannek, 2015) . The lime content of bedrock and soil also buffers the sites against acidification. In contrast, acidic grasslands have suffered strongly from N deposition and partly also acidification, as shown for different parts of western Europe in various papers based on both time series data (Duprè et al., 2010 ) and spatial comparisons (Maskell et al., 2010; . Recent papers indicate that, while N deposition effects remain, there has been a recovery of low pH-sensitive species in some Nardus grasslands and other acidic grasslands, likely reflecting a decrease in acid deposition (Mitchell et al., 2017; Peppler-Lisbach & Könitz, 2017) .
A factor that may contribute to the decline of habitat specialists in semi-natural grasslands is the increasing fragmentation of the sites (Rosenthal et al., 1998) . For wet grasslands in the lowlands of northern Germany, Krause et al. (2015) showed that isolation only had a relatively weak effect on plot species richness and that habitat deterioration was the main driver of change. In contrast, in dry grasslands with their high number of rare species there is a negative relationship between frequency and extinction rate (Bennie et al., 2006; Sengl, Magnes, Wagner, Erdös, & Berg, 2016) , suggesting frequent extinction events that are not compensated by immigration due to the often large distances to neighbouring sites with potential source populations of species. In UK grasslands, most colonizations were observed for mesotrophic species with relatively high Ellenberg N values (Bennie et al., 2006) , in the long run resulting in decreasing proportions of dry grassland specialists as observed in this meta-analysis. 
| CON CLUS IONS
The results of this meta-analysis and of other time series analyses and spatial comparisons allow us to draw the following conclusions:
1. Except in dry grasslands for which there is no unequivocal evidence, semi-natural grasslands in Western and Central
Europe show a general decline in species richness, driven by a combination of changes in management and the intentional or unintentional addition of nitrogen and other nutrients.
Species losses are especially severe in habitat specialists; even in dry grasslands these tend to decrease at a slow pace.
Despite a widespread increase in more mesotrophic species, there is no sign yet of a temporal homogenization.
2. Although many, in some regions even the majority of speciesrich semi-natural grasslands (especially dry ones, but not wet grasslands not being recognized as NATURA 2000 habitat) are protected and managed for conservation purposes, it appears that these measures are not sufficient to halt species loss, in particular of specialist species. A possible explanation is that mowing or grazing intensities are too low compared to the traditional management or that an altered timing of management events is unfavourable for many species. Even with an appropriate management, however, N deposition and direct fertilization may lead to species decline. It is noteworthy that conservation actions in nature reserves have succeeded particularly well in wet grasslands that otherwise have suffered most from habitat deterioration among the different grassland types. However, drained peat soils in former wet grasslands may suffer from irreversible structural changes that remain after re-wetting.
3.
To counteract a continued loss of semi-natural grasslands and their typical species, it will be pivotal to understand the underlying causes of vegetation change, which likely differ between different vegetation types. Most importantly we need to disentangle the effects of nitrogen addition and altered management, a task that depends on the access to better, both old and new, soil data, a better quantification of management and a larger and more balanced set of re-survey studies.
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